UCRL-8963 -2- from the interaction of 190-Mev protons with Ni,.Ag, and Au is analyzed in terms of a nucleon cascade, followed by particle evaporation. The calculation of the nuclear evaporation is based onWeis's.kopf's statistical theory. Fairly good agreement is obtained for the values of the cross sections for producing these particles with an appropriate set of radius and le"\el:-density parameters in each case. There are serious discrepancies, however, in the comparison of the experimental and calculated spectra; many of the latter are deficient in low-energy neutrons charged particles. Possible improvements in the calculation are discussed.
INTRODUCTION
Kinetic-energy spectra of particles emitted in nuclear reactions give valuable information on the mechanism of the reaction taking place. An angular distribution that is symmetric about 90° in the center-of-mass system is considered to be evidence for compound-nucleus formation.l-3 At lower energies of excitation} isotropy in the center-of-mass system is taken to be evidence for such a process.
-7 Comparison of the spectra with the statistical theory of
Weisskopf provides a further check of the mechanism andJ in addition} has been used to deduce the density of energy levels of excited nuclei. The results of various experiments} analyzed in this way} affirm the usefulness of the statistical approach but give conflicting values for the level density as a function of excitation energy and mass number. 5 -9 The comparison of the experimental results with the theory is fairly direct: i f the spectrrum' is that of the first evaporated particle only;
however J :i,t has been made for other c·ases as we11. 10 In order to treat the complexities of the calculation more adequately when many particles are evaporated} a computer program has been prepared for the Weizmann Institute computer (WEIZAC). In Part I of this seriesJ 11 spectra were calculated for particles from highly excited nuclei (100 to 700 Mev). The computer program was subsequently improved so as to make it applicable to lower energies of With the aid of this improved nuclear-evaporation calculation} it is possible co :'coY1lfJ'lJ.tb-~ the spectra of particles that result from nuclei in any state of excitation. By these means we hope to further test the validity of the Unfortunately, tbe data were not presented in a form suitable for comparison here. The (p,a) reaction is considered below. Inelastic scattering and to a lesser extent (p,n) and (n,p) reactions are not well suited to this purpose. However, since no suitable experimental data were available on (a,n) reactions 13 . in the low energy range, the results of Ahn and Roberts and .of Rosen and . 14 Stewart on the (n,n') reaction were used for the study of neutron spectra. The (n,p) reactions studied by Collil5 et al. were used as an additional comparison for proton spectra.
Bombarding energies above 40 Mev lead to an increasing contribution of non-compo1and-nucle~s processes if the bombarding particle is a nucleon or other light particle such as helium ions. With heavy ions as proj.ectiles it is possible to form compound nuclei with excitation energies of more than 100
Mev (and with high angular momentum The combinations of parameters used here are shown in Table II . ,.
where the values of cj and kj are as given in Table III from Zr is at very low energy because the total kinetic energy available for two neutrons emitted is about 2.5 Mev. With the energy interval used in the calculations (0.5 Mev) the lower maximum is not resolved, and the net effect is the obliteration of the peak in the kinetic energy distribution. For Ta the total kinetic energy for both neutrons is about 6 Mev, for Bi about 9 Mev. The maximum kinetic energy of the second neutrons is therefore higher. The spectra
I
show accordingly a single maximum at the average value of the nuclear "temperatures." The Zr spectrum seems to fit best with a value of a close to Because of the effect of the closed neutron shell) the results presented here do not permit a proper study of the A dependence of the level-density parameter.
Further experiments with targets carefully chosen so as to be free from shell effects are clearly desirable.
A comparison of the calc.ulated and experimental numbers of neutrons produced per inelastic collision for Zr) T?J and Bi targets is shown in Table IV .
. Table IV Comparison of calculated and experimental numbers of neutrons produced per inelastic collision in the 14. Following Weisskopf) 21 the single-particle spectra of charged particles are given by the. equation
where P(Et)d4s is the probability of emission of a particle with kinetic energy between E. and E:,+dS) C = a constant) V = the effective Coulomb barrier (corrected for penetration) = kj vjJ ~ = the level-density parameter) E = the excitation energy of the nucleus, and Q = the separation energy for the emitted ((e) . permits a more rigorous test of the general validity of the statistical theory.
It is for this reason that all other comparisons between calculated and experimental spectra discussed in this paper are presented in the form of the actual particle spectra rather than in the form .of "level densities" (or log ~(~~ In plotting the experimental results it was assumed that the differential cross section below 5 Mev is zero. In Table V completely reliable for the purpose of determining total-particle or product cross sections,. the error introduced in the shape of the particle spectra is believed to be negligible. Since no prompt-cascade calculations are available for a bombarding energy of 190 Mev, the Ni anq Ag spectra presented here were interpolated from the particle spectra calculated for bombarding energies of 156
Mev and 236 Mev. A comparison of the particle spectra for the two bombarding energies showed this interpolation to be entirely reliable.
In order to obtain the neutron spectrum from Au bombarded at 190 Mev, the prompt-cascade results for Bi 20 9 were used after they had been shifted in the manner described. However, the bombarding energies nearest to 190 Mev for which calculations were available for this element are 82 Mev and 286 Mev. An interpolation over so wide an energy range was not thought to be reliable for neutrons or even possible for charged-particle spectra because of the scarcity of charged-particle evaporation from Au at a bombarding energy of 82 Mev.
Hence the neutron spectrum ~as calculated for only one value of level-density parameter a and radius parameter.r .
0
The calculated neutron spectra were normalized to the areas of the experimental spectra for 135 deg. The calculated charged-particle spectra were normalized to the ·experimental backward-hemisphere data. The experimental results are those of Bailey 1 7 and Gross.
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Again almost identical neutron spectra were obtained for r 0 = l. 5 F and.
r 0 == 1.7 F. This, together with the results of the low-excitation-energy region (Figs. 1-3 ) seems to indicate that the shape of the theoretical neutron spectra is roughly independent of the nuclear-radius parameter that was assumed in the calculation.
As seen in Figs. 11, 15 , and 19, the calculated neutron spectra show a deficiency of low-ene~gy particles, whereas both the shape and the absolute value of the high-energy part of the calculated neutron spectrum for ~ = A/10
show good agreement with the experimental results. The discrepancy in the lowenergy neutrons was not improved appreciably when the calculations were repeated with a = A/6. As a result, the calculated differential cross sections are too low, as shown in Table VI . The experimental cross sections given in Table VI do not include prompt-cascade neutrons, according to Gross. 18
The charged-particle spectra (Figs. 12, 13, 14, 16, 17 and 18) show the same effects as were already observed in the lower-energy region. In these cases the effective Coulomb barrier again seems to be lower than that used in the calculations. In Figs. 12 and 16, pertaining to proton spectra, the contribution of prompt-cascade protons is visible even in the backward hemisphere.
This effect is far more evi-dent in the forward direction. The deuteron spectra The comparison of the spectra,on the other hand, indicates some serious discrepancies. The most striking feature of the calculated charged-particle spectra is the apparent displacement of the curves toward higher energies with respect to the experimental r,esults. This discrepancy cannot· be reduced by any reasonable choice of level-density parameters. Although the barriers and their penetrability used in the calculation seem to need correction, this is not the sole difficulty, for the neutron spectra from the reactions induced by highenergy protons cannot be corrected in this way. This latter discrepancy is particularly serious, since it cannot possibly be explained by any of the directmechanism reactions postulated so far, nor can it be due to our incomplete knowledge of the Coulomb barrier. Moreover, no such discrepancy has been found in the lower energy region (Figs. 1-3 ). Changing the nuclear-radius parameter from 1.5 F to 1.7 F does indeed lead to a slight improvement in the spectra of charged particles, but this is still far from sufficient. This change has no effect on the neutron spectra. There may be two explanations, w:ii:t;;hiri :the framework of the statistical model ) :iw' liy<_ :' the calculated and observed spectra do not agree. In all our calculations we have assumed constant density of nuclear matter within the nucleus. The neglect of the diffuse edge of the nucleus may be expected to lead to errors in the computed inverse reaction cross sections.
It is to be expected that both classical Coulomb barriers and their penetrability by charged particles will be affected. 25 The neutron cross sections may also be expected to be modified as a result of the change in the boundary conditions at energy alpha particles, but is of insufficient magnitude to explain.the large discrepancies noted in Figs. 8, 9 , 10, 14, and 18. It iS thus seen that the effect of the diffuse nuclear surface alone is insufficient to account for the discrepancies.
Another major correction may be necessary because the inverse-reaction cross section has to be calculated for the interaction of the outgoing particle and an excited nucleus. 
w~re V is the claasical Coulomb barrier and E the residual excitation energy, o · r and k is the-penetration coefficient (Table III) .
This particular form was chosen so as to give the same correction for (Table VIt) . It should be remembered that by use of Eq. (2) only the emission of charged particles is corrected, while that of the neutrons remains unchanged. This is evidently unsatisfactory, and a more rigorous treatment should also attempt to describe the dependence of the neutron-capture cross section on the excitation energy of the target nucleus. The unfavorable .effect of the correction on the rat:i,o of protons to alpha particles emitted also indicates that its form is unsatisfactory.
I
The same correction was applied also to the calculation of the alphaparticle spectra from the bombardment of natural Ni with 162-Mev o 16 ions, (Fig. 10) . Here it seems to be somewhat too powerful, indicating that the form chosen was not quite correct. However, no attempts were made to find better forms of this correction.
Clearly an excitation-energy-dependent Coulomb barrier, as suggested by Fulmer. ~ 24 Cohen and others} will not in itself lead to a satisfactory agreement between calculated and experimental spectra and particle cross sections. ... ,, • experimental, Blab=I00"-180"
• • • experimental, Blab= 100°-180°
• • experimental , Blab =100°-180° 
